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The increasing prevalence of childhood obesity is a serious health problem worldwide, as obesity causes several common diseases, such as type 2 diabetes mellitus, hypertension, cardiovascular diseases, obstructive sleep apnea, and some cancers (1) . Obesity is a complex disease with a genetic and environmental basis (2) . Evidence from genome-wide association studies suggested that single nucleotide polymorphisms (SNPs) in some genes (e.g., the fat mass-and obesity-associated gene (FTO) (3), the melanocortin 4 receptor gene (MC4R) (4) , and the proprotein convertase subtilisin/kexin type 1 gene (5)) are associated with obesity risk. In addition, these genes were found to be highly expressed in the brain (particularly in the hypothalamus), which suggests that they may play important roles in caloric intake in the central nervous system (6) . Results from metaanalyses have also shown the association between SNPs in these genes and the risk of obesity (7) (8) (9) (10) . Recently, authors from 3 large genome-wide association studies reported 15 new loci that influence body mass index (BMI) (6, 11, 12) .
Epidemiologic studies have also suggested that in addition to genetic factors, a variety of environmental risk factors (e.g., excessive energy intake, low level of physical activity, and more sedentary behavior) may contribute to the epidemic of childhood obesity (13, 14) . In our previous study (13) , we found that more sedentary behavior and lower physical activity levels were positively associated with obesity among children, which is consistent with findings from other studies (15, 16) . Meanwhile, many studies have provided strong evidence that reducing television viewing time and increasing outdoor activities are effective strategies to manage the obesity epidemic in children (17, 18) .
Although the study of gene-environment interaction in obesity has been a promising research area, the answers to the question of whether lifestyle factors affect the association between SNPs and obesity have been inconsistent. Several studies have found that physical inactivity may accentuate the effects of the genetic variant rs9939609 in the FTO gene on body fat accumulation and that the increased risk of obesity could be offset by physical activity (19, 20) , whereas other studies have suggested that physical activity had no influence on the association between the rs9939609 genotype and BMI or fat mass (21, 22) .
The Beijing Child and Adolescent Metabolic Syndrome (BCAMS) Study was a cohort study that evaluated the rate of obesity and related metabolic syndromes among children in Beijing, China, in 2004 (23) . In 2010, as part of the BCAMS Study, we aimed to assess the influence of sedentary behavior and physical activity on the association between 6 SNPs of potential obesity-related genes and obesity risk among Chinese children.
MATERIALS AND METHODS

Study participants
Subjects were recruited from a cross-sectional populationbased survey (the BCAMS Study) (23) . The survey included a questionnaire, medical examination, anthropometric measurement, and finger capillary blood tests in a representative sample (n ¼ 19,593, 50% boys) of children in Beijing aged 6-18 years in 2004. Anthropometric measurements included weight, height, waist circumference, and fat mass percentage determined using bioimpedance analysis.
Within this large group of children, 1,229 obese and 1,619 normal-weight children were identified as cases and controls, respectively. They were randomly recruited and diagnosed by using the Chinese age-and sex-specific BMI cutoffs (24) . BMI was calculated as weight in kilograms divided by the square of height in meters (25) . Blood samples were collected for genotyping. We obtained written informed consent from all participants. The BCAMS Study was approved by the ethics committee of the Capital Institute of Pediatrics in Beijing, China.
Measurement of sedentary behavior and physical activity
A validated questionnaire was used to investigate sedentary behavior and physical activity level in children with different weight statuses. The questionnaires were completed by parents or guardians if the participant was 12 years of age or by the subject if the participant was 13 years of age. Sedentary behavior was determined by the time spent either watching television or playing video/computer games per day in a week. It was then classified into categories of <2 hours or 2 hours per day, because the American Academy of Pediatrics has recommended a maximum of 2 hours/day of television/video-watching and computer/video game-playing (26) . Estimated physical activity was recorded as the total days per week in which subjects spent at least 30 minutes/day participating in extracurricular physical activities such as cycling, roller-skating, running, swimming, dancing, team sports, tennis, etc. The intensity of physical activity was divided into 3 categories of high (5 days/week), moderate (3-4 days/week), and low (<3 days/week).
Selection of SNPs and genotyping
We searched recent publications in PubMed and other databases to identify the genes that have been significantly associated with obesity risk among white populations. To achieve adequate statistical power, we only investigated the SNPs in obesity-related genes with minor allele frequencies 0.14 (HapMap database; http://www.hapmap.org) in Chinese populations and with odds ratios >1.2 among white populations (6, 11, 12) . With the assumed effect size of 1.2 for an allele frequency of 0.14, statistical power to detect a positive association would be >0.75, given our sample size. Six SNPs (Fas apoptotic inhibitory molecule 2 rs7138803, Niemann-Pick disease, type C1 rs1805081, FTO rs6499640, MC4R rs17782313, brain-derived neurotrophic factor rs6265, and glucosamine-6-phosphate deaminase 2 rs10938397) were selected for this study (6, 11, 12) .
Genomic DNA was isolated from peripheral blood white cells. SNPs were genotyped using TaqMan Allelic Discrimination Assays (Applied Biosystems, Foster City, California) (27, 28) and the GeneAmp 7,900 Sequence Detection System (Applied Biosystems). TaqMan probes were used for genotyping of rs7138803 (C__29248155_10), rs1805081 (C__25472673_10), rs6499640 (C__29387696_10), rs17782313 (C__32667060_10), rs6265 (C__11592758_10), and rs10938397 (C__1594245_10). Genotyping call rates for all SNPs were >98%. To validate the accuracy of genotyping, we repeated 70 samples randomly for each SNP, which yielded a concordance of 100%.
Statistical analysis
Continuous variables are expressed as mean 6 standard deviation, and differences between case and control groups were analyzed using Student's t test. Categorical variables are presented as percentages. For cumulative effects of these SNPs, a genetic risk score was calculated for each individual by adding the BMI-increasing alleles of all 6 variants in the present study. The chi-squared test was used to evaluate the differences in gender, sedentary behavior, physical activity, frequency of genotypes for these 6 SNPs, and their combined genetic risk score (GRS). Hardy-Weinberg equilibrium for distribution of the allele frequencies was analyzed by using the chi-squared test in controls. Stratified and joint association analyses were performed to evaluate whether sedentary behavior and physical activity modified the associations between the SNPs and obesity risk. Multivariate unconditional logistic regression models were used to estimate odds ratios and their 95% confidence intervals under a multiplicative genetic model controlled for covariates such as gender and age, because the genetic models of all 6 SNPs in our study were unknown and this model usually has a larger statistical power than do other models (29) . Statistical analyses were performed using the Statistical Package for the Social Sciences, version 13.0 (SPSS, Inc., Chicago, Illinois), and P < 0.05 was considered statistically significant.
RESULTS
Basic characteristics of cases and controls are shown in Table 1 . Compared with controls, cases had higher BMIs, engaged in more sedentary behavior, and were less physically active. The genotypes of all 6 SNPs were in HardyWeinberg equilibrium among controls (chi-squared test, data not shown). The frequencies of the genotypes were significantly different between cases and controls for SNPs MC4R rs17782313, brain-derived neurotrophic factor rs6265, glucosamine-6-phosphate deaminase 2 rs10938397, and GRS (chi-squared test: P < 0.05, Table 1 ).
We investigated the combined effect of sedentary behavior, physical activity, and 6 SNPs on obesity risk (Table 2) . For these analyses, a multiplicative genetic model was used; that is, children with risk alleles were compared with those with nonrisk alleles. Results of multivariate unconditional logistic regression analysis showed evidence of a higher risk of obesity in children who engaged in sedentary behavior for 2 hours/day outside of school, participated in low or moderate physical activity, and carried risk alleles at the 6 SNPs, after adjustment for age and gender (all P's for trend < 0.001). Most notably, the association between 5 SNPs (Fas apoptotic inhibitory molecule 2 rs7138803, Niemann-Pick disease, type C1 rs1805081, FTO rs6499640, MC4R rs17782313, and brain-derived neurotrophic factor rs6265) and obesity risk was only observed in children who participated in moderate or low physical activity or engaged in sedentary behavior (reference group: nonrisk alleles with high physical activity levels and sedentary behavior <2 hours/day), regardless of which risk alleles they carried (Table 2) .
We also tested the relative effect of higher physical activity levels versus more sedentary behavior on the association between GRS and obesity risk (Table 3) . Because a majority of participants carried 4-6 risk alleles, we divided the participants' 3 categories according to GRS: 1) participants with 0-3 risk alleles (22.8%); 2) participants with 4-6 risk alleles (65.9%); and 3) participants with 7 risk alleles (11.3%). In the subgroup with low physical activity levels and sedentary behavior 2 hours/ day, compared with subjects with GRS <4, those with a GRS ranging from 4 to 6 and those with a GRS 7 had significantly increased obesity risk (both P's < 0.05). However, in the subgroup with high physical activity levels and sedentary behavior <2 hours/day, the association between GRS and obesity risk was not statistically significant (both P's > 0.05).
DISCUSSION
In the present study, we found that the association between 6 SNPs and obesity risk among Chinese children could be modified by lifestyle factors (sedentary behavior and physical activity level). These results provided new insights into the understanding of the complex origins of obesity.
The association between SNPs and obesity risk has been investigated in several studies of Asian populations, with inconsistent results (30) (31) (32) (33) (34) . Considering that the genetic backgrounds are similar in these populations, the discrepancies are likely to be due to environmental factors (e.g., diet and lifestyle) that could result in dramatic changes in the phenotype of obesity (35) (36) (37) . Therefore, investigation of possible gene-environment interactions is a promising approach to identify the etiology of childhood obesity.
In the present study, we focused on 6 obesity-related genes. Our results suggested that the associations between 6 SNPs and risk of obesity can be modified by both sedentary behavior and physical activity. A higher risk of obesity was observed in children with sedentary behavior 2 hours/day outside of school or with low or moderate physical activity levels who have risk alleles of 6 SNPs. Most notably, 5 of the 6 SNPs were associated with obesity risk only in children with sedentary behavior 2 hours/day or moderate or low physical activity. The public health importance of the present findings is that the effects of 6 SNPs on obesity may be, at least in part, offset by less sedentary behavior and higher physical activity in Chinese children.
Physical activity plays an important role in total daily energy expenditure, which contributes to body weight regulation (38) . Physical activity may down-regulate gene expression of fatty acid synthase and reduces lipogenesis (39, 40) . Therefore, these changes might weaken any effect of obesity-related genes, though the molecular mechanism of gene-physical activity interaction remains to be determined (41) . Our study suggests that less sedentary behavior and higher physical activity may be advantageous in the prevention of weight gain, especially for those individuals who are genetically susceptible to obesity. Considering the inconsistent results (21, 22) , further studies are necessary to clearly determine how sedentary behavior and physical activity influences the effects of 6 SNPs in obesity risk.
The strengths of this study included the population-based case-control study design and the high response rate, which minimized selection bias. However, several limitations should also be noted. First, the case-control study design did not permit us to make conclusions about causality. Second, sedentary behavior and physical activity levels in our study were assessed by self-administered questionnaire, which might be imprecise. Therefore, it is important to validate the findings of this study with more direct and objective measurements of these lifestyle factors. Third, the sample sizes in the subgroup analysis were relatively small, so the results should be interpreted with caution.
In conclusion, this study showed that lifestyle factors (sedentary behavior and physical activity) might modulate the effects of obesity-related genetic markers on the risk of childhood obesity. The study indicated that although obesity-related genes might predispose children to a higher risk of obesity, encouraging less sedentary behavior and higher physical activity levels could alleviate the effects of risk alleles on genetic predisposition to childhood obesity, thereby serving as a promising prevention strategy. Considering the increasing prevalence of childhood obesity, our findings may have important clinical and public health implications. Large-scale prospective studies on more obesity-related genes with detailed lifestyle information are required to further identify gene-environment interactions in childhood obesity.
